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ABSTRACT 
This thesis is designed to help understand the need for patterning molecules and cells for uses in 
medicine and engineering.  Our goal is to be able to understand how cells and biological systems 
develop and how we can use design to harness cellular function.  Two approaches are taken to pattern 
multiple cell types, and build 2D and 3D substrates.  First, a combination of ink jet printing and silane 
chemistry are used to develop a method for high throughput patterning and analysis of Hippocampal 
Neurons on glass.  Cell adhesive synthetic Poly-L-Lysine patterns are built juxtaposed from a non-
adhesive silane background and control the distribution and growth of Hippocampal Neurons.  Results 
from large scale patterning and analysis (44000 neurons/sample) show that neural somata align to 
adhesive spots or lines, neurites are restricted to patterned areas, and axonal branching is induced on 
growth promoting areas.  In addition to the 2D patterning of neurons, a stereolithography apparatus is 
used to build CAD designed porous 3D hydrogels out of photoactivated poly (ethylene glycol).  Hydrogels 
are built on glass slides that have been microcontact printed with lines of acrylic-fibronectin: during 
polymerization, fibronectin patterns cross-link to the surface of hydrogels forming cell adhesive 
patterns.  Results show that fibroblasts align and spread on patterns, cardiomyocytes align and maintain 
their ability to autonomously contract and relax, and C2C12 muscle cells align and differentiate from 
myoblasts to multinucleated myotubes. 
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CHAPTER 1: INTRODUCTION 
1.1 Overview 
Within the body, cells show organization whether they are neurons arranged as complex layered 
networks in the brain, cardiac cells aligned linearly around the heart myocardium, or skeletal muscle 
cells linearly arranged to make muscle tissue.  In traditional cell culture, much of the in vivo organization 
is lost or changed.  What happens to this organization when cells are removed from their in vivo 
environment or developed in vitro from stem cells? As research has progressed, the concept of cells 
being used as tools has emerged into a booming field and the question of cell development has 
remained unanswered.   
Exciting propositions such as diagnostic devices made of an array of neurons patterned on an 
array of sensors, artificial heart tissue grown in vitro to replace damaged tissue in an infarcted heart, 
and biological machines controlled by integrated cellular systems able to sense, move towards, and 
respond to a stimulus are all being actively researched.  This is a shortened list of the many applications 
of cells that have an underlying need for patterned cell placement and development.  To be able to 
utilize cell functions and replicate in vivo growth environments for cell study, the ability to control the 
distribution, growth, and patterning of cells is a necessary asset.  By using smart design, substrates can 
be engineered to perform the necessary foundations to direct cell growth.   
1.2 Scope of Research 
This thesis is focused around applying patterning techniques to control the deposition of 
proteins and molecules for the regulated distribution of cells on two and three dimensional substrates 
(2D and 3D).  Although two dimensional patterning is not a new field, there are many remaining 
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questions about how cells distribute and develop in vitro and how their growth and morphology can be 
controlled for use.  The following includes a high throughput experimental design for the 2D patterning, 
imaging, and analysis of neurons cultured on patterned and unpatterned substrates.  This work was 
done in collaboration with Dr. Larry Millet.  The 3D research is developed around the use of 
Stereolithography as a means to create hydrogel scaffolds, the adaptation of 2D patterning techniques 
for use in 3D, and the application of scaffolds to control distribution and growth of multiple cell types on 
patterned and unpatterned devices. 
1.3 Goals 
Aim 1 
Develop a high throughput patterning, imaging, and analysis method for the study of large areas 
containing large numbers of cells.  Traditional in vitro cell cultures are prepared by random seeding and 
are studied with high resolution at a low throughput; however, we are attempting to designate growth 
areas as an array of patterned spots or lines that are able to direct cell spreading and process growth 
and compare neuron characteristics on patterned and unpatterned growth areas at a large scale.  A 
combination of patterning techniques will be used to alter 2D substrates and control the distribution 
and morphologies of Hippocampal neurons.  Verification of patterning and cell characteristics will be 
analyzed quantitatively.   
Aim 2 
 The second aim is to create functionalized, patterned, 3D, photopolymerizable PEG hydrogel 
scaffolds, that can support and direct the growth of fibroblasts, ventricular cardiomyocytes, and C2C12 
skeletal muscle cells.  Using modified Stereolithography Apparatus (SLA), a high throughput 
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commercially available manufacturing technique, biocompatible 3D hydrogel scaffolds made of poly 
(ethylene glycol) will be built according to customized CAD designs.  Here we are attempting an original 
approach to create patterns of aligned cells and Extra Cellular Matrix proteins on top of hydrogels 
without altering material properties that can be tuned to be near the stiffness of natural in vivo 
environments. 
1.4 Outline 
Background information and a literature review can be found in Chapter 2 immediately 
following this introduction. Chapter 3 will detail the in vitro 2D patterning of Hippocampal neurons, 
imaging and analysis methods, and results comparing alignment, distribution, and morphology on 
patterned and unpatterned substrates.  Chapter 4 describes the SLA process and its applications in 
biology, the method developed to transfer patterns of microcontact printed (µCP) acrylic-fibronectin to 
hydrogels for cell alignment, and results comparing fibroblasts cultured on patterned and unpatterned 
substrates.  Research conclusions and future directions are discussed in chapter 5. 
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CHAPTER 2: BACKGROUND INFORMATION AND LITERATURE REVIEW 
The mechanobiological and biochemical analysis of cells has revealed that cell growth and 
distribution are responsive to both physical and chemical cues1.  The topography2, geometry3,4, and 
stiffness5 of a material has the ability to direct cell growth and enable migration6–8.  Chemically, the 
availability of nutrients and the ability to form intermolecular interactions with the surface can result in 
specific cell placement and directed spreading9,10.  For both chemical and physical mechanisms, selected 
materials, molecules, and techniques for patterning cells in both two and three dimensions will be 
introduced to understand the process and the state of the art in engineering substrates for patterning 
cells and molecules. 
2.1 Extracellular Matrix Proteins 
Commonly isolated to promote cell adhesion and spreading on substrates in vitro, Extracellular 
Matrix Proteins (ECMs) are cell secretion products that make up the basement membrane responsible 
for providing in vivo support for cell structure11, allow cells to sense their microenvironment12, provide a 
medium for cell-cell communication13, and promote development.  From an engineer’s perspective, 
ECMs can be viewed as materials that provide the foundation for cells.  Based on their properties, ECMs 
have become fundamental to cell patterning and enhancing in vitro cell growth.  Examples of proteins 
that are commonly studied and used include: collagen, fibronectin, vitronectin, and laminin14.  Isolated 
ECMs have varying properties and compositions which contribute to different effects on different cells, 
but it is known that cells have specific integrin binding sites on ECM proteins.  One such site that is 
present in multiple ECMs is the amino acid sequence RGD.  Different variations of the RGD sequence are 
present on the different ECM proteins, but if the specific 3 amino acid sequence is missing cell 
attachment is significantly decreased. 
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2.2 Hydrogels 
To closer mimic the environment that cells see in vivo, networks of natural or synthetic 
polymers composed mainly of water or absorbed in water have become the new model for cell 
culture15.  Natural examples include gels made from collagen16, hyaluronic acid17, and Agarose18; 
synthetic ones include Poly(ethylene)glycol19 and Polyethylene oxide20.  Based on material composition, 
Figure 1. Interpretation of the interaction between the cell membrane and the Extra Cellular Matrix (ECM). Integrins on 
the surface of the cell bind to the RGD sequence present in different ECM proteins. Here, Laminin, Fibronectin, and 
Collagen are used as example ECM proteins binding to integrins at the RGD sequence. 
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concentration, and cross-linking of the polymer, their material properties can be tuned to more 
favorable or inhibitory conditions for cells21,22.  The ability to tune material properties and encapsulate 
cells for 3D culture are two of the key characteristics that make hydrogels intriguing for cell culture and 
differ from traditional 2D cell culture on glass.  Biocompatible polymers and hydrogels are currently 
used in common products like contact lenses, and have potential for many other applications including 
tissue engineering23, wound healing, targeted drug delivery24, and variable stem cell differentiation 
based on hydrogel dynamics25. 
 
2.3 Smart polymers 
Smart polymers were given the name because they can change conformation according to an 
external stimulus. One class of these materials, temperature responsive polymers, have been utilized in 
tissue engineering26.  PNIPAAM (Poly (N-isopropylacrylamide)) is an example of a temperature 
responsive material; based on temperature it is either hydrophobic or hydrophilic causing cells to 
adhere or release from its surface.  PNIPAAM gels are made by using an E-Beam to deposit and crosslink 
Figure 2.  Comparing different cell culture substrates. A) Cells cultured onto a stiff 2D glass surface. B) Cells 
cultured on a soft 3D porous hydrogel that has topography and has x-y-z malleability. C) Cells cultured in 3D 
inside of a hydrogel.  The difference between culturing on a 3D substrate and in a 3D substrate is that all surfaces 
of the cell are interacting with the substrate in 3D.    
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polymer onto a surface.  At 370 C the material is slightly hydrophobic allowing cells to attach, spread, 
and connect forming a cell sheet27.  When the PNIPAAM-cell construct is cooled, the PNIPAAM becomes 
hydrophilic and causes cells to release as a cell sheet. The temperature at which the material switches 
conformation is known as the Lower critical solution temperature (LCST).  The non-invasiveness and 
ease of attaching and detaching sheets of cells makes this polymer attractive for creating cell sheets, 3D 
spheroids, and for molecule capture28,29.  
 
2.4 Patterning Techniques 
Numerous technologies have been developed to allow the patterning of cells and molecules30,31. 
The techniques developed for patterning in 2D, have allowed the progression of patterning in 3D32.  
Following are descriptions of several technologies that were explored for patterning cells and/or 
molecules at the nano, micro, and macro scale.  
2.4.1 Photolithography 
Micro and nano patterning of biological components originated from conventional methods of 
electrical circuit design, photolithography and microfabrication30.  Briefly, a metal (examples include Au 
and Si) is coated with photoresist and patterned by selectively exposing areas of the surface with a UV 
Figure 3. Culturing cells on a temperature responsive polymer.  A) Cells attach and B) proliferate when the polymer is 
slightly hydrophobic at temperatures above the LCST (Lower critical solution temperature).  C) When cooled, the 
polymer changes conformation causing attached cells to release as a cell sheet. 
A B C 
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light source through a patterned mask.  Depending on the type of resist used light either degrades 
exposed areas or, keeps them intact.  After photo treatment, solvent rinses are used to etch patterns, 
and rinse away chemicals toxic to biological components. The wafer can then be incubated with proteins 
or protein linked thin polymer layers for cell culture.  
Photolithography allows for precision and can be used on a number of metal surfaces.  3D 
patterned hydrogels and 3D patterned cells can be built by using photolithographic patterned substrates 
as molds for materials and masks for polymer deposition33.  However, there are several draw backs to 
patterning by photolithography.  In order to perform this process cleanroom facilities are needed, it’s 
expensive, it’s single use, many chemicals used are toxic to biological components including proteins and 
cells, and it is not high-throughput.  With many hurdles, photolithography is still one of the most 
commonly used patterning techniques.  There has been great success in minimizing feature sizes and 
successfully patterning biological molecules at nanometer scales. 
2.4.2 Soft Lithography (µCP and microfluidics) 
Instead of using high cost metals for single experiments and repeatedly developing new wafers 
for photolithography, a technique for creating Self Assembling Monolayers (SAM) using soft lithography 
can be used34.  This technique has been adapted for use as a platform for microcontact printing (µCP) 
and microfluidics.  A soft organic material (e.g.; elastomer or PDMS) is poured over a mask that has been 
patterned by photolithography through a glass/chrome mask or with a transparency.  For µCP, the 
elastomer is then imprinted with the pattern from the mask and coated with a biologically active 
molecule: like a stamp being coated with ink.  Once attached, the ink can be transferred to glass, gold, or 
any surface that is compatible with the ink35.  Benefits of µCP are similar to those of photolithography, 
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and many of the issues with photolithography can be avoided.  Chapter 4 will demonstrate how this 
method was further modified for use on a 3D hydrogel substrate. 
 In addition to µCP, the patterned elastomer can be adhered to a substrate to create a 
microfluidic device36.  Rather than coating the elastomer with an ink, it can be bound to glass by 
activating both surfaces using an oxygen plasma system to render the surfaces hydrophilic.  Once 
bound, the combination of the elastomer and the glass make a series of channels which can be used for 
patterning proteins, culturing cells, or forming different chemical environments37. When the device is 
removed, the deposited molecules remain patterned on the surface.     
2.4.3 Dip Pen Lithography 
Dip pen lithography is a direct write deposition method that offers nano scale resolution.  
Several techniques are available but they revolve around the same principle: ink droplets containing 
ECM proteins, antibodies, or polymers are directly written on a substrate using a nano sized tip or wire 
(AFM tip on a cantilever)38.  The tip is able to store a small amount of solution which is then transferred 
to the substrate by tapping or dragging.  Dip Pen’s advantages include high resolution (some sub 100 nm 
scale), the ability to change tips and pattern multiple materials to multiple surfaces, automated design, 
and robotic repeatable deposition39.  Some disadvantages are the small writing areas that come with the 
increased resolution, tips make direct contact with the substrate and are prone to breaking, 
temperature and humidity control are necessary for accurate writing, and the overall systems are 
expensive. 
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2.4.4 Inkjet Printing 
Another method to deposit ink onto a surface is a non-contact patterning method using a 
traditional printer, cartridge, and software, ink jet printing.  While most technologies for patterning are 
based on sophisticated fabrication and devices, ink jet printing uses modified commercially available 
products and can offer resolution down to 60 µm.  In addition, cartridges can be loaded with any 
biological material as long as specified viscosity and surface tension are in the printing range, and 
molecules can fit through jetting nozzles.  Ink jet printing has been widely used to pattern ECM’s and  
cells40,41.  Disadvantages of this method are the limited resolution, quantity of material needed for 
printing, and difficulty in modifying solutions to meet both biological needs and printing specifications.  
This method was chosen for use to pattern glass substrates and detailed methods are described in 
Chapter 3. 
2.4.5 Dielectrophoresis (DEP) 
Instead of a multistep process of patterning cell adhesive biological molecules followed by cells, 
dielectrophoresis allows for the direct patterning of cells42.  DEP is a process where polarization is 
induced into non-charged molecules with a non-uniform electric field.  The non-uniform field is 
generated by applying a voltage through patterned electrodes.  Biological molecules are separated 
based on their permittivity and the permittivity of the medium.  Separation will be either positive DEP 
(onto the electrodes) or negative DEP (between electrodes).  DEP offers micron resolution, makes 
individual cell capture possible, has a large number of applications, and can be used in both 2D and 3D43.  
Disadvantages of DEP include the fact that force scales with the volume of the particle, need for a low 
conductivity medium to maximize force, and clean room facilities are needed for electrode patterning.       
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2.4.6 Stereolithography 
A rapid prototyping technique, stereolithography incorporates the use of a photoactive 
polymer, laser, and CAD designs to build 3D scaffolds layer by layer.  As with other patterning 
techniques, stereolithography has since been modified from its traditional use for applications in 
medicine and biomedical engineering44.  CAD designs are made and uploaded into a stereolithography 
apparatus and a laser is used to polymerize the design into solid form from a photopolymerizable resin.  
Traditional resins used are toxic to cells and biological molecules and have been replaced with 
biocompatible photoactive polymers for biological applications.  There are many advantages to the SLA 
including ease of use, adaptability for use in medical implants and surgical planning45, complex design 
capabilities for 3D cell encapsulation46,47 and pseudo 3D cell culture48.  Although complex structures can 
be built, resolution is restricted to laser beam width and many of the problems creating a polymer that 
Figure 4. A dielectrophoresis (DEP) assembly that separates molecules based on their permittivity.  A) The DEP 
assembly which includes a wave form generator (gray) and a PCB board (yellow) with line patterned electrodes (gold).  
The Waveform generator supplies voltage to the system and the electrodes create a non-uniform electric field.  B) 
When the voltage source is off molecules are randomly organized across the surface of the PCB and electrodes.  C) 
After the voltage source is turned on, molecules pearl chain on top of electrodes and separate based on their 
permittivity.  Green molecules undergo positive DEP and align linearly on top of electrodes.  Blue molecules undergo 
negative DEP and align between electrodes. 
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allows encapsulated cells to grow normally have not been solved.  A modified stereolithography 
apparatus is used for our experiments in Chapter 4 and explained in detail.      
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CHAPTER 3: HIGH THROUGHPUT TWO DIMENSIONAL PATTERNING AND ANALYSIS OF 
NEURONS1 
3.1 Introduction 
Although neurons have been available for culture for decades, some of the basic questions 
about this cell type remain unanswered.  Finding answers to the unknowns about neuron organization, 
distribution, and networking are necessary for harnessing the sensing and control potential of this cell 
type.  Studies of in vitro primary neuron cultures on different surfaces allows for insight into the physical 
and chemical characteristics of isolated neurons at a fundamental level.  How is neuron polarity 
established?49,50 Are synapses plastic to movement and stresses?51,52 Can the sensing function of 
neurons be harnessed for use in drug development and tissue engineering?53,54 How can we solve the 
growing problem of neurodegenerative diseases?55–58 How can we control their growth and distribution 
to utilize their sensing ability? In order to answer awe-inspiring questions like these and move closer to 
the goal of using neurons for medical and biomedical engineering applications, more information about 
this complicated cell type is needed. 
Characterization of neuron cultures has shown that neurons maintain their morphology in 
vitro59 and show density-dependent viability60.  The progression of events in cell development has 
implications for the results and conclusions of the in vitro study.  Identifying what factors influence 
                                                          
1 The following text and figures in Chapter 3 are reproduced from an article published by RSC Publishing in the Journal of Integrative  
Biology: Millet, Larry J., Collens, Mitchell B., Perry, George L., and Bashir, Rashid (2011) “Pattern analysis and spatial distribution of neurons in 
culture.” Integrative Biology, 3(12), 1167-1178.   Larry Millet provided the idea for application of patterns to neuroscience as well as omitted 
spatial statistics analysis.  George Perry reviewed spatial statistics and provided SpPack software. 
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neurons, and how they influence neurons is crucial for conceptualizing their emergent behavior58.  One 
factor that is consistently scrutinized is the choice of media that cells are cultured in; depending on the 
additives biases are introduced that can alter normal development61–63.  Clarifying issues of culture 
conditions like media choice, substrate choice, and distribution and density-dependent questions will 
reﬁne the cell culture process and advance studies that seek to resolve the intrinsic and extrinsic cellular 
inﬂuences. 
In this chapter, 2D patterning techniques are used to modify glass slides and study the effect on 
primary cultures of Hippocampal neurons.    A custom fluorescent ink is developed and characterized for 
use in an inkjet printer.  Neurons are cultured on slides which undergo ink jet printing with the custom 
ink, surface treatment with silanes, and controlled Poly-L-lysine deposition.  Control cultures of neurons 
are seeded onto unpatterned Poly-L-lysine coated slides and compared.  High throughput imaging with a 
microarray scanner is used for analysis of cell distribution and pattern alignment.  High resolution 
fluorescent microscopy is used to analyze orientation and growth of neural processes, specifically axons 
and dendrites.   
Traditional culture and analysis are high resolution low throughput processes that look at 
selected areas of few cells. Our results demonstrate that large-scale patterning, 44000 neurons, is 
obtainable and analysis can detect the alignment of neuronal somata and dendritic ﬁelds to the 
patterned substrates. These high-throughput analysis methods will give insight on how neurons are 
physically changed by their growth environments.  Patterning methods have a wide range of 
applications for the study of neurons in diagnostic arrays, in 2D multicellular co-cultures, formulation of 
printed 3D biocompatible cell cultures, and the use of neurons in designed biological systems. 
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3.2 Materials and Methods 
An overview of neuron patterning is shown in Figure 4A. Inkjet printing and silane chemistry are 
used to modify surface chemistry and pattern neurons.  A stock ink is formulated from solutions of 
different glucose concentrations to achieve an ink that has viscosity and surface tension in what is 
defined as the printable range, 10-12 cP and ~ 34mN m-1 respectively.  Patterns are then printed using a 
non-contact method, inkjet printing, and fluoresced with a microarray scanner to ensure pattern 
uniformity.  Patterned slides are incubated in a fluorinated silane for blocking of unpatterned areas, and 
sterilized for cell culture.  Post sterilization, substrates are submerged in poly-L-lysine to promote cell 
attachment.  Postnatal hippocampal neurons are collected by primary dissection, cultured, fixed, labeled 
by immunochemistry techniques, dried, and imaged using traditional fluorescence microscopy 
techniques and with a microarray scanner for analysis. 
3.2.1 Ink Formulations and Characterization 
Fluorescently Labeled Glucose Ink   
A stock 100-105% (w/v) glucose solution is prepared by dissolving 200-210 grams of glucose in 
200 mL of DI water or phosphate buffered saline (PBS) to be the main components of the ink solution.  
While the viscosity of 100-105% glucose solution fits printing requirements, surface tension is too high 
and is reduced by adding Tween-20 (1% (v/v) final concentration).  A diluted concentration of Tween-20 
(25%) is used for addition to glucose solutions for increased accuracy.  Small concentrations of a 
fluorescent protein (25ug/mL of Rhodamine-BSA (R-BSA) or fluorescein-conjugated poly-L-lysine (FITC-
PLL)) are added last to give a fluorescent, printable, ink. 
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Glucose Ink Characterization 
To make an ink that is in the optimal inkjet printing range according to the manufacturer (Fuji-
Film Dimatix), a range of inks of with different glucose and Tween-20 concentrations are characterized.  
Specifications for the Fuji-Film Dimatix DMP-2831 printer with cartridge type 11610 (FUJIFILM Dimatix, 
Santa Clara, CA) indicate optimal printing conditions are for an ink with viscosity between 10-12 cP and a 
surface tension of 28-30 mN m-1.  To determine viscosity, measurements are taken of 15 mL samples of 
ink with a rotating cylinder viscometer (Brookfield DV II+ pro).  A low viscosity spindle (spindle 00) and 
cylinder kit specific for viscosities less than 15 cP are used to collect values with 20% motor power at a 
temperature of 22.80C.  Each ink is measured 4x and the cylinder is emptied, flushed with DI, and dried 
between measurements.  Surface tension is ascertained with a drop tensiometer (Attension Theta Lite) 
which derives a value by capturing an image of a small droplet ejected from a .72mm syringe, and using 
the Young- Laplace equation to calculate differences between the density of the solution, density of the 
air, and shape of the droplet over time.  Measurements are taken 4x to reduce error and Figure 5B 
shows the resulting relationship of ink component concentrations to viscosity and surface tension. 
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Figure 5. Experimental overview and ink 
characterization. A) A general overview of the 
experimental process used here. B) Custom inks 
were made from a stock glucose, PBS, Poly-L-
Lysine solution prepared to be in the viscosity 
range of 10–12 cP and have a surface tension of 
33–35 mN m-1. Water and PBS are about 1.0 cP 
and 72 mN m-1. Mean surface tension and 
viscosity values are based on 4 separate 
measurements. Mean values are for inks with 
100% glucose in the following: PBS+1% 
Tween-20 (open triangles), DI water+1% 
Tween-20 (filled triangles), PBS without 
Tween-20 (open circle), and DI water without 
Tween-20 (filled circles). C) During initial 
setup and ink calibration, the jetting voltage of 
each nozzle was adjusted to 16.0 V to optimize 
glucose-PBS ink droplet velocity to 6 m sec-1; 
droplets are 10 pL each and are separated by a 
300 mm/50 ms strobe delay. The inset shows an 
image from the drop watcher camera; the jetting 
nozzle holes are at the 0 mm gridline, and the 
droplets (shown at about the 300 mm gridline) 
are ejected out to the targeted surface. Below 
the 500 mm gridline is a shadow from the 
cartridge. 
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3.2.2 Pattern Development   
Substrate Preparation 
Glass microscope slides, 75 mm x 25 mm x 1 mm (L x W x H), are used as a base substrate for 
printing and cell culture.  Before use they are piranha cleaned or cleaned with a combination of 
sonication and solvent rinses.  To piranha clean, the preferred method, slides are placed in a glass slide 
chamber and immersed in a solution containing a 3:1 ratio of sulphuric acid (H2SO4) to 30% hydrogen 
peroxide (Sigma-Aldrich) for 45 minutes.  Post Piranha exposure, slides are rinsed numerous times with 
DI water and ethanol, dried, and oxygen plasma treated in a barrel etcher (Diener Pico).  The alternative 
cleaning technique involving sonication with multiple solvents includes: 1) Sonication in acetone (3 min) 
followed by rinsing with acetone, 2) sonication in ethanol (3 min) followed by rinsing with ethanol, 3) 
nitrogen drying, and 4) oxygen plasma cleaning (1 min).  Either cleaning method produces surface 
reactive (hydrophilic) glass with minimal debris for enhanced ink attachment during ink jet printing.   
Ink-jet Printing 
Printing preparation begins by loading an ink cartridge (DMP model 11610) with the final 
proteinacious ink solution.  The ink is pulled under vacuum and degassed before filling a 5 mL syringe 
with 2 mL of solution.  A .22 µm filter and needle are fixed to the end of the syringe and the solution is 
pressed through to remove large particles as it is injected into the ink storage compartment of the 
cartridge.  Cartridges are completely assembled, allowed to sit in a humidified incubator at 370C 
overnight, and purged several times before printing. 
The Dimatix printer comes fully equipped with Drop Manager Software which allows fine tuning 
and optimization of printing.  Cartridges contain 16 printing nozzles that can be independently modified 
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to obtain the target droplet size (10 pL) and ejection velocity (6.0 m sec-1).  Wandering droplets are 
eliminated, and droplet characteristics are adjusted with the waveform editor.  Ejection velocity can be 
increased or decreased by raising or lowering the voltage being delivered to the nozzle, respectively. 
As well as adjusting printing settings, line and spot array patterns are drawn in the Drop 
Manager software.  To remain consistent, lines are always printed parallel to the x-axis; to make grid 
patterns the slide is printed with one set of lines, rotated 90 degrees and printed with a second set of 
lines corresponding to the orientation of the slide.  Spot arrays are all printed in the same orientation, 
and spot density can be adjusted by increasing or decreasing drop spacing.  Post printing, pattern quality 
is evaluated by imaging with a microarray scanner before continuing with silane treatment. 
Silanizing Unpatterned Glass Areas 
Regions of glass without a printed pattern are blocked with a silane that has a single organic 
attachment site.  This individual active group allows the silane to bond glass and inactivate further 
attachment of organic molecules. Patterned glass slides are placed in a square (90mm x 90 mm) Petri 
dish with the cap of a 1.5 mL centrifuge tube filled with 12.5 µL of the blocking agent dimethyl(3,3,3-
trifluoropropyl)chlorosilane (Sigma-Aldrich).  The silane is aerosolized by pulling a vacuum on the Petri 
dish, and slides are passivated under vacuum for 90 minutes. 
3.2.3 Cell Culture  
Proceeding cell culture, slides undergo treatment to remove excess silane, are sterilized, and 
submerged in FITC-PLL to enhance neuron attachment to unsilanized patterned regions.  Specifically, 
slides are incubated in 70% ethanol for 30 min, rinsed with DI water, dipped into 25 µg mL-1 of FITC-PLL 
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for 15 min, rinsed with DI water for 10 min, and finally rinsed with Neurobasal-A (Invitrogen) culture 
media. 
Primary Hippocampal Neurons 
Dissection and culture of primary hippocampal neurons are in accordance with protocols 
established by the University of Illinois Institutional Animal Care and Use Committee and in accordance 
with all state and federal regulations.   
Postnatal Sprague Dawley rats undergo rapid decapitation between one and four days.  Bilateral 
hippocampi are dissected, prepared, and cultured as previously described64,65. Dissection and growth 
media are prepared respectively, Hibernate-A (Brain Bits, Springﬁeld, IL) and Neurobasal-A (Invitrogen) 
are supplemented with 0.5 mM L-glutamine, Gem21 NeuroPlex (Gemini Bio-Products), 100 U mL-1 
penicillin and 0.1 mg mL-1 streptomycin.  Throughout the dissection brain and hippocampi are kept in 
cold Hibernate.  After extraction, bilateral hippocampi are transferred to a 15 mL tube containing papain 
(25.5 U mL-1) dissolved in Hibernate, and incubated for 30 min at 370 C with periodic agitation.  
Post enzyme treatment, digested tissue is rinsed with fresh Hibernate, transferred to a new tube 
with 2mL of supplemented Hibernate, and triturated with a fire-polished Pasteur pipette.  Mechanical 
dissociation causes cells to be released into solution where they can be collected and separated from 
large tissue chunks once large pieces settle.  Remaining tissue chunks are again suspended in 
supplemented Hibernate and triturated to extract as many cells as possible.  Cells are centrifuged at 
1400 rpm for 5 min, resuspended, counted, diluted in Neurobasal media, and uniformly seeded at 100–
125 cells mm-2 in a square 90 mm x 90 mm Petri dish containing prepared microscope slides. Cultures 
are maintained for 7–9 days in vitro (DIV) before analysis. 
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3.2.4 Immunochemistry and Imaging 
Between 7-9 DIV, neurons are ﬁxed and labeled for imaging and analysis.  Slides containing 
neurons are rinsed with Phosphorus Buffered Saline (PBS) warmed to 370C and fixed with warmed 4% 
paraformaldehyde for 30 min.  Before the addition of antibodies, cells are permeabilized with 0.25% 
Triton X-100 in PBS and blocked at room temperature with 2.5% bovine serum albumin (BSA) in PBS. A 
combination of primary and secondary antibodies are added to the BSA in PBS and incubated to label 
Microtubule Associate Proteins (MAP2 and tau).  Antibodies for MAP2 (Millipore, polyclonal AB5622) 
identify axons and those specific to tau (Anti-Tau-1 clone PC1C6, monoclonal MAB3420) dendrites.  
Secondary antibodies Alexa488 and Alexa594 (Invitrogen) enable fluorescent viewing. Following 
antibody labeling, slides are rinsed with PBS, brieﬂy rinsed with DI water (to prevent salt crystal 
formation), and prepared for imaging.  
Images are taken with an Axon Genepix 4200A microarray scanner to quickly acquire large-scale 
data for analysis.  The 488 nm and 532 nm wavelength lasers are used with Alexa 488 and Texas Red 
filters to image labeled patterns and neurons.  High resolution images for neurite tracing are taken with 
a Spot RT-3 Slider monochrome camera (Diagnostic Instruments) mounted on an upright Olympus BX51 
microscope. 
3.2.5 Analysis 
Global Pattern Analysis 
For accurate data extraction, image processing techniques are implemented on collected images 
in ImageJ 1.44o66 to reduce edge effects, increase the contrast of cells to the background, and filter 
noise.  Specifically, for pattern analysis images are cropped to an even square (2048x2048 pixels), the 
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background is subtracted, contrast is enhanced (.4% saturated pixels, histogram equalized, and intensity 
normalized), and a median blur filter is applied.   
Following image processing, Fast Fourier transform (FFT) analysis is applied to images67 of 
printed patterns, neurons cultured on patterns, and neurons on unpatterned substrates.  An Image J FFT 
conversion tool is used to change the 2D image to the frequency domain.  High frequency information is 
located at the center pixels of the frequency image while low frequency information is in the outer 
pixels of the image.  During transformation, a 900 rotation occurs and the frequency image must be 
rotated to the correct orientation.  After rotation, an oval proﬁle plugin is used to radially summate the 
frequency information to produce a power spectrum.  The power spectrum is a graphical plot showing 
intensities at each angle of alignment. Within the circle, 00 correlates to 3 o’clock, 900 12 o’clock, 1800 9 
o’clock, and 2700 6 o’clock. 
Cellular Morphometrics 
Enhanced filtering is employed to remove remaining noise smaller than 5µm2 before analysis of 
physical cell characteristics.  Circularity of patterned and unpatterned neurons is obtained using the 
“analyze particle” function in Image J. For this data, patterned spots, neurons cultured on spots, and 
randomly seeded neurons are analyzed and separated into 10 bins of 0.1 intervals.  Circularity values are 
between 0 and 1 with one being a perfect circle, and zero a straight line. Line graphs are generated and 
the number of neurons per circularity bin is compared using Prism statistical software to perform a 
Student’s t-test. 
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Neurite Analysis 
Local analysis of patterned and unpatterned neurons is performed on high resolution images 
(3.4pixels µm-2) to examine neurite response. Neurites are semi-automatically traced with Neurolucida 
v9.62software (MBF Biosciences) and cell body, axon, and dendrites are reconstructed. Tracings of all 
images are combined and exported to Neurolucida Explorer. The explorer module is used to create a 
3600 projection of data reflecting neurite length and directionality called a polar histogram.  In the polar 
histogram, wedges are produced to represent total length of neurite processes in a speciﬁed direction. A 
fan-in diagram is generated to further study axon and dendrite directionality. Statistics for determining 
dendritic length are performed in Prism using the unpaired t-test. 
3.3 Results 
3.3.1 Ink-jet Printed Patterns 
Using inks (100% glucose and 1% tween-20 in DI) fluorescently labeled with FITC-PLL or R-BSA 
permitted both the patterning of glass microscope slides and the imaging of predeﬁned substrate 
patterns generated by inkjet printing.  The techniques used enable the generation of large grids, 72 mm 
(L) x 22 mm (W), of lines and arrays of spots on microscope slides (Figure 6A-F).  FITC-PLL ink was used to 
pattern lines measuring 90–100 mm wide; with two diﬀerent ink cartridges, we were able to print dual-
labeled patterns of both FITC-PLL and R-BSA inks (Figure 6B and E).  12% (50 out of 420 printed slides) of 
patterns printed with FITC-PLL ink were intact and used for cell culture, and 50% for the R-BSA ink (20 
out of 40 printed slides) were determined acceptable.   
Primary, postnatal hippocampal neurons were cultured for 7–9 DIV on the printed and 
functionalized glass.  Figure 6G shows the comparison of cells on a patterned area and an unpatterned 
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area of a microscope slide.  Qualitative analysis shows that neurons have different distributions and 
have an altered morphology on patterns. 
3.3.2 Pattern Analysis  
Quantitative analysis of images revealed the eﬀectiveness of the substrate to inﬂuence neuronal 
alignment to the patterns.  Alignment of neurons on patterned spots and lines was confirmed with FFT 
image processing methods to convert images to the frequency domain. Converting images to 
frequencies allows for repeated frequencies to be summated and direction of patterns to be derived.  By 
comparing printed lines, printed spots, patterned neurons, and unpatterned neurons; the effectiveness 
of the analysis technique could be justified, and significance of culture substrate on directed cell growth 
could be quantified.  Figure 7A-C shows the power spectrums of radially summated frequency images 
Figure 6. Custom built pattern designs with multiple inks primed for neuron culture. (A–F) Large-scale patterns of 
ﬂuorescein-conjugated poly-L-lysine (FITC-PLL) and rhodamine-conjugated bovine serum albumin (R-BSA) are printed 
using ink-jet printing. A variety of patterns can be generated with included software including lines, grids, and spot arrays. F) 
Spot patterns before cell culture preparation and cell culture.  F) Comparing hippocampal neuron culture on a spot array (left) 
and an unpatterned control microscope slide (right). Dendrites of neurons on patterned spots are labeled with MAP2 
antibodies. Qualitatively, patterned cells have a more circular shape and dendrites are confined to spots. Scale bars are A) 4 
mm, B) 320 mm, C) 1 mm, D) 1200 mm, E) 600 mm, and F) 350 mm. 
 25 
 
generated for patterned spot arrays with and without cells.  Distinct peaks in the graphical plots 
correlate to increased frequencies in the images or alignment.  For the pattern alone, large peaks are 
seen; for neurons cultured on spot arrays, a similar but attenuated power spectrum is obtained.  
Unpatterned neurons lack distinctive peaks indicating their lack of alignment.  The inset circle with 
degree marks describes the correlation between degree and direction in the frequency and time 
domain, respectively. 
A more revealing effect of patterns on neurons can be seen in figure 7D-F where neurons are 
cultured onto patterned lines and compared to patterns alone.  Peaks appear at 00 and 1800 in 
frequencies of patterned lines with and without neurons, and visually cell growth occurring parallel to 
lines can be seen.  The expected noisy spectrum of unpatterned neurons with no distinct peaks is seen 
implying a lack of directional alignment.  
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Figure 7. Alignment and controlled cell growth on ink-jet printed patterns. A) Printed array of 87 000 
spots (5500 spots cm-2) 45–60 mm diameter, printed with FITC-PLL ink. B) Primary rat hippocampal 
neurons cultured on a patterned spot array for 9 DIV. C) Power spectrum from 2D FFT of spot patterns 
and neurons with and without patterned substrates obtained from the corresponding images. D) Printed 
parallel lines 60 mm (width) x 20 mm (length). E) Hippocampal neurons cultured on parallel line patters, 
9 DIV. F) Power spectrum from 2D FFT of patterns, and neurons with or without patterned parallel lines 
for substrates obtained from the corresponding images. (C, F) Data of FFT obtained from large-scale 
images of panels shown here.  Looking at images in the frequency domain allows for degree of 
alignment to be quantified. Scale bars are 1 mm in length. 
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3.3.3 Cellular Morphometrics 
FFT analysis was used to determine the large scale impact of patterns on neurons; for analysis at 
the cellular level, circularity values of the somatodendritic (MAP2) structure for each neuron were 
compared for neurons cultured on spot arrays and for unpatterned neurons. Neurons cultured on arrays 
of patterned spots show a statistically signiﬁcant (p<0.0001, unpaired t-test) increase in the mean 
circularity above that of the unpatterned neuron population (Figure 8C). At the cellular level, there is a 
statistically signiﬁcant (p<0.0001, unpaired t-test) diﬀerence in the mean dendritic length of patterned 
neurons (267 mm) compared to unpatterned neurons (629 mm) (Figure 9A–B).  Axons and dendrites of 
neurons recognize the patterned cues on the glass surface. As shown in Figure 9C, dendritic processes of 
neurons (7 DIV) remain conﬁned to the patterned spots, while axons recognize the circular patterns of 
the spots by showing increased axonal complexity. 
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Figure 8. Analysis of neurons at the cellular scale. A) Original images of patterned spots and neural dendrites (MAP2) 
on a spot array are processed and converted to binary images to extract their circularity values. B) MAP2 
immunochemically labeled hippocampal neurons on patterned spots and example categorization of cell morphologies by 
Image J. C) Graphical representation of circularity values for patterned neurons, unpatterned neurons, and spot patterns. 
The positive shift in the X direction for patterned neurons symbolizes a higher circularity of dendritic growth. Neuron 
totals are 14 000 to 16 000 per population, there is a signiﬁcant diﬀerence (P<0.0001, t-test) in the mean circularity 
between patterned (blue diamonds) and unpatterned populations (red diamonds). Scale bar = 50 um. 
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Figure 9. Analysis of neural process reconstruction. A)  
Blue polar histogram shows a decrease in the length of 
dendrites of Hippocampal neurons cultured on spot arrays. 
The fan in diagram (right) shows all reconstructed patterned 
dendrites, length of the process, and direction of the process. 
B) Neurons cultured on an unpatterned substrate. Results 
show longer processes than patterned neurons. Graphs are 
the same scale. C) Nine spots are shown of over 87 000 
spots printed per microscope slide. Spots (~50 um dia.) 
deﬁned with ink-jet printing are outlined. Somas and 
dendrites (MAP2, red) are conﬁned to spots; axons (tau, 
green) recognize spot patterns (arrows).  Rat hippocampal 
neurons cultured on a spot array demonstrate both dendritic 
and axonal neurite guidance according to patterns. 
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3.4 Discussion 
3.4.1 Ink-jet Printing for Cell Culture Substrates 
As pointed out in Chapter 2, ink-jet printing has advantages that make it an attractive patterning 
method. Patterns of chemicals and molecules can be rapidly achieved for application without detailed 
photolithography or microfabrication processes. Our results demonstrate that ﬂuorescent inks can be 
developed for imaging printed patterns and for generating patterns that guide neuron development in 
culture. Multiple inks can be used on the same samples for increasing complexity and range of 
application (Figure 6). In addition, inks may be used for printing patterns on topographical or 3D 
structures where conventional contact printing methods would not be suitable.  Future studies will 
include inks formulated from polymerizable hydrogels or inks that can covalently attach to hydrogels for 
patterning.  Printed hydrogels can be used for time released drug delivery systems, or for encapsulating 
chemo attractants and/or chemo-repellents.  Hydrogel delivery systems can be used both in vitro for 
signaling cues in 2D and 3D to control cell growth and migration, and in vivo for targeted drug therapy.  
Chapter 4 expands on the uses of hydrogels, and the possibilities that can be achieved with the ability to 
create biocompatible gels.   
While ink-jet printing has a number of advantages, there are limitations that must be resolved 
before this technique can be utilized to its full potential.  First and most importantly, the restrictions on 
jetting ﬂuids must be overcome. We use a commercially available materials printer, the Fuji-Film Dimatix 
DMP-2831. In order for printed patterns to be repeatedly uniform, solutions must be within a narrow 
range of viscosity and surface tension values.  Speciﬁcally, the recommended ink viscosity should be 
between 10–12 cP and the ideal surface tension should be about 28–30 mN m-1.68  Although this is not a 
problem for non-biological solutions, most biological solutions have viscosity and surface tension values 
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near that of water (about 1.0 cP and 72 mN m-1 at 250C).  Figure 5 shows the modifications that must be 
made to inks in order to get them into the printable range.  Our ink final recipe has a viscosity between 
10–12 cP and a surface tension is 33–35 mNm-1; however, we needed to add a harmful surfactant to 
maintain values within this range. 
The Dimatix DMP-2831 is overall easy to operate and intuitive once inks are characterized and 
printing is ready to begin.  One drawback to the software is its pattern design module. The GUI does not 
allow for a command to define more than one line at a time in patterns. To develop patterns, each 
printing sweep must be defined one by one.  Nozzle tuning for optimizing ink ejection is an advanced 
and beneﬁcial function that enables precise control of droplet formation; however, even with inks that 
meet the physicochemical requirements, tuning the jetting of the ink is time consuming and is 
recommended for each cartridge.  We believe that advancements in the software usability, nozzle 
development, and printer performance will lead to ink-jet printing replacing the use of high cost 
microfabrication in many applications. 
3.4.2 Patterned Substrate Effect on Neuron Morphometrics 
We tested the ability of synthetic patterned molecules to guide neuron development, 
specifically silanes and synthetic Poly-L-Lysine.  Instead of using traditional neuronal ECM molecules like 
laminin and collagen52,64, trophic factors (e.g. nerve growth factor)69,70, cellular ligands (i.e. neural cell 
adhesion molecules)71, or patterned gene expression72,73 to study the inﬂuence of substrate on neuron 
growth and development, we use synthetic molecules to deﬁne cell promoting and inhibiting regions.  
Our results show the success of engineered patterns to direct cell growth qualitatively in Figure 6, and 
quantitatively with frequency analysis in Figure 7.   
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For analysis of neural processes at the cellular level two methods were used: an index of 
circularity values defined by image processing, and neurite reconstruction to evaluate confinement, 
branching, and directional growth of axons and dendrites.  An overall increase in circularity of spot 
patterned neurons can be attributed to their limited growth area and surrounding inhibitory regions.  
Comparing tracings of Hippocampal neurons cultured on patterned spot arrays and unpatterned 
neurons, reveals on average, 58% shorter dendritic structures for patterned neurons (Figure 9A–B). This 
compliments the results of circularity measurements that dendrites of neurons not only align to the 
pattern, but also that their lengths are conﬁned by it.  
Possible explanations for the conﬁnement of dendrites on patterned surfaces may have to do 
with both the resistivity of silanes to cell attachment and the support of Poly-L-Lysine for attachment 
and spreading.  More specifically, fluorosilanes resist cell adhesion and prevent the accumulation of 
proteins, growth factors, and most biological molecules that are needed to support cell attachment and 
growth.  In addition to chemical resistance causing confinement, another possibility could be that 
neuron development is selected or altered by the adhesion bias created by the juxtaposed regions; or 
only specific neurons can be maintained under specified conditions, shorter ones.  At present there is 
limited research identifying what neurons are eliminated from culture, during the culture process.  
Substrates could have a role in biasing the retention of various neuron types. What is known is that 
diﬀerent neuronal populations in culture can be retained based on the harvested age of the animal57. In 
summary, substrates may inﬂuence what cells are lost, and also, what cells are retained. 
The most likely scenario is that a combined eﬀect of one or more of these inﬂuences affect how 
neurons are retained and how they grow.  In addition to dendrites, axons demonstrate pattern 
recognition in addition to pattern-dependent dendritic conﬁnement.  Axons react differently to 
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patterned spots; while they recognize the patterned spots apart from ﬂuorinated silane surfaces instead 
of confining and wrapping around the neural body they extend from the somata and branch or encircle 
a neighboring spot. Figure 9C shows labeled axons (tau) and dendrites (MAP2) of neurons cultured from 
the hippocampus. The image shows increased axonal branching when axons are in contact with a PLL 
spot.  A recent report also shows that axons of magnocellular neurons from the hypothalamic supraoptic 
nucleus can present diﬀerent axonal branching patterns, presumably due to diﬀerent substrate cell 
types, and that axons in culture can develop bilaterally symmetric branching patterns when devoid of 
arborizing cues and confounding neural networks.74  The observation that axons increase branching 
when contacting changes in substrate boundaries or geometries supports the general observation that 
contrast, or substrate novelty, facilitates axonal branching.75,76  
Adding to changes in neural shape, our results show that neuronal somata align to the adhesive 
PLL spots instead of non-selectively aligning on the flurosilanated background.  Many extrinsic signals 
can be guidance cues to inﬂuence intrinsic cellular programs. These can be coding or non-coding cues.  
Coding cues confer speciﬁc signals to speciﬁc receptors or receptor classes, whereas non-coding cues 
have a generalized physical or chemical inﬂuence on the cell. Extrinsic cues include adhesive and non-
adhesive surfaces, topography, soft or stiﬀ substrates, and surface-bound or ﬂuid phase chemicals.  The 
ink-jet printing and silane chemistry methods used for this experiment are examples of non-coding cues 
that can be applied to design surfaces for the controlled growth and distribution of many cell types.  In 
the future, we will integrate these techniques with those in Chapter 4 to build dynamic multicellular 3D 
substrates with specific cell distribution, growth, and interactions. 
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CHAPTER 4: DIRECTING CELL GROWTH ON 3D HYDROGELS: COMBINING µCP AND 
STEREOLITHOGRAPHY2 
4.1 Introduction 
 Stereolithography has traditionally been used as a rapid prototyping technique for making 
complex 3D structures from a photopolymerizable resin.77  For some time, researchers in the medical 
field have embraced the capabilities of the SLA and used it to develop surgical plans and create complex 
models.78,79  After realizing its use for modeling and accuracy, researchers began exploring the 
fabrication of implantable devices from constructs that allow the ingrowth of bone80,81 to replicas of 
aortic heart valves.82  However, in recent years new possibilities have arisen with the development of 
photopolymerizable synthetic biocompatible polymers, or hydrogels.15,20,83,84  In addition to creating 
implants, the combination of SLA and hydrogels is being used directly with cells for applications in 
biomedical engineering.44,85  Constructs made from original resins were stiff and not applicable for many 
biological purposes.  Contrary to these initial restrictions, soft polymers can be used as a resin to form 
soft, porous, devices in the form of hydrogels.   
In vivo, cells are organized in 3D or in pseudo-3D on the surface of tissues and organs.  Using 
scaffolds built with stereolithography allows the natural environment of cells to be better mimicked in 
vitro. Instead of in vitro substrata made of stiff 2D materials like polystyrene and glass, hydrogels have 
3D architecture and can be characterized to specific stiffnesses and elasticities.  Research has shown 
that the stiffness of the substrate can affect cell attachment84,86,87, cell spreading 1,88,89, cell 
communication7,12,13, and the differentiation of stem cells.3,25,88  
                                                          
2
 The following has been submitted for publication in the journal of Virtual and Physical Prototyping.  Mitchell Collens*, Vincent 
Chan*, Jae Hyun Jeong, HyoonJung Kong, and Rashid Bashir. [2012]. Vincent collaborated on the project design and edited 
figures. 
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Furthermore, the ability to create patterns that control cell growth and distribution adds 
another level of complexity towards imitating the in vivo setting.  Patterns are seen throughout the body 
as complex neural networks in the brain and linear arrangement of muscle cells around the heart 
myocardium90.  Protein immobilization for patterning has been shown on and in hydrogels32 using thiol 
chemistry and 2-photon irradiation91,92, and photolithography.  Additionally, cell patterning has been 
shown mechanically by creating grooves2,93–95, microchannels96, and geometric restrictions93,97,98; 
however, these methods alter material properties and mechanics which are important to maintain for 
applications that use specific material properties. 
    One of the limits of using hydrogels and stereolithography is that structures built from 
synthetic polymers must be functionalized with ECM molecules before the addition of cells.  We hope to 
exploit cells’ dependence on ECM molecules to control their growth, organization, and distribution. 
Specifically, we are going to pattern cells by developing patterns of fibronectin using µCP and 
transferring patterns to 3D hydrogel scaffolds.  The transfer of patterns and the effect of patterns on 
fibroblast cells will be analyzed quantitatively.  Applicability of scaffolds for patterning C2C12 skeletal 
muscle cells and ventricular cardiomyocytes will also be shown. 
From a biological perspective, the properties of hydrogels combined with the ability to pattern 
cells allows for realistic in vitro models to be built for understanding the biology of cell development and 
organization.  As engineers, having these constructs brings us closer to being able to utilize cells for 
applications in traditional tissue engineering, as well as new innovations for harnessing the properties of 
cells.  In the future we hope to expand on current research and build integrated multi-cellular biological 
machines (biobots).   
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4.2 Materials and Methods 
A schematic for creating patterned hydrogel scaffolds is given in figure 10.  Briefly, a mask to 
mold PDMS stamps is made from a silicon wafer photolithographically patterned with lines of varying 
widths.  Stamps are cut from the wafer, incubated in a solution of acrylic-fibronectin, and blown dry 
with nitrogen.  Glass coverslips are patterned by microcontact printing (µCP) with acrylic-fibronectin and 
used as a building platform to create 3D hydrogel scaffolds.  A hydrogel prepolymer is prepared by 
mixing a solution containing 20% PEGDA Mw 3400 and .5% photo initiator and poured into a dish 
containing patterned coverslips.  Scaffold designs are made using AutoCAD and uploaded into a 
Stereolithography Apparatus (SLA).  Scaffolds are built in the SLA and fibronectin patterns are covalently 
linked to surfaces during polymerization.  Pattern transfer is verified by fluorescence microscopy, and 
hydrogels are seeded with 3T3 fibroblasts, primary ventricular cardio myocytes, and C2C12 skeletal 
muscle cells.  Images are collected using a fluorescence microscope for analysis of pattern transfer to 
hydrogels, and the comparison of cells on patterned and unpatterned hydrogels. 
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Figure 10: Creating fibronectin patterned hydrogels.  1) Silicon wafers are coated with 5 µm of SU8 photoresist.  2) Line 
patterns are formed after exposure of photoresist and silicon with UV light through a chrome mask. 3) PDMS is poured over the 
silicon master and polymerized by baking.  A negative of the pattern from the silicon master is imprinted on the surface of the 
PDMS making a stamp. 4) An ink solution containing Acrylic fibronectin is pipetted onto the PDMS stamp.  Acrylic fibronectin 
is made by mixing ACRYL-PEG-NHS and fibronectin in PBS and allowing the PEG cross-linker to attach to free lysines in 
fibronectin.  5) After stamps are incubated with ink, line patterns are transferred to glass slides by stamping. 6) Prepolymer 
solution of PEGDA 3400 and a photoactivator is poured into a dish over patterned glass slides.  7) The dish containing 
prepolymer and patterned glass is put into the Stereolithography Apparatus (SLA) and polymerized to form a hydrogel.  8) 3D 
structures are built layer by layer adding additional prepolymer before crosslinking. 9) Hydrogels are inverted and seeded with 
cells. During building of the first layer  Acrylic Fibronectin is transferred to the surface of the hydrogel allowing for cell 
attachment. 
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4.2.1 Pattern Development 
Wafer Patterning 
Traditional photolithographic techniques are used to pattern a silicon wafer with lines 10, 50, 
and 100 µm in width with matching spacing (10, 50, and 100 µm).  Briefly, a wafer is coated with 5 µm of 
SU-8 and exposed with UV light through a mask containing line designs.  After exposure, patterned lines 
remain on the silicon wafer and unexposed areas are removed with solvent rinses.  Before use, the 
wafer is incubated for 3 hours with Dimethyl (3,3,3-trifluoropropyl)-chlorosilane to prevent PDMS from 
sticking to the wafer. 
PDMS Stamp Preparation 
Poly dimethylsiloxane (PDMS) (Dow Corning Sylgard 184 Silicone Elastomer Kit) is weighed out 
at a 10:1 ratio of polymer to heat activated curing agent for a final weight of 38.5 grams (35 grams of 
PDMS and 3.5 grams of curing agent).  The materials are thoroughly mixed for 3 minutes to ensure even 
distribution of the curing agent and poured into a 150 mm dish containing the taped down patterned 
wafer.  To remove air bubbles, samples are placed in a desiccator and repeatedly pulled under vacuum.  
Once bubbles are removed from the polymer and wafer, PDMS and wafer are baked at 800C for a 
minimum of four hours and removed from the oven to cool. Stamps are made by removing PDMS from 
the wafer with a razor, and cutting patterns into individual pieces 20mm x 13mm (L x W).  
Ink Preparation 
An acrylic-fibronectin solution is the ink formulated for coating stamps to create cell adhesive 
patterns.  A stock solution is made by mixing bovine fibronectin (Sigma-Aldrich) to a final concentration 
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of 50 µg mL-1 (v/v) with a prepared solution of Acrylate-Poly (ethylene glycol)-NHS Mw 5000 (Acryl-PEG-
NHS) (Laysian) in PBS. To prepare the Acryl-PEG-NHS solution, 3 mg of Acryl-PEG-NHS is diluted in 100 µL 
of PBS to a concentration of 30 mg mL-1. Acryl-PEG-NHS is added to the 50 µg mL-1 solution of 
fibronectin at a 2:1 molar ratio of Acryl-PEG-NHS molecules per lysine in fibronectin. The ink is allowed 
to react for 30 minutes at 40C before use. 
Microcontact Printing Glass Slides with PDMS Stamps 
Glass coverslips are patterned by microcontact printing34,35 with PDMS stamps coated with 
acrylic fibronectin ink.  200 µL of Acryl-FN ink is pipetted onto PDMS pieces and spread across the 
surface to create a fluid meniscus.  Stamps are incubated with ink for one hour at 370C in a humidified 
incubator.  After incubation, excess FN is slowly aspirated from the surface using a sterile serological 
pipet, and a nitrogen gun is used to dry.  Stamps are placed pattern side down onto 18x18 glass 
coverslips attached to 35 mm dishes with double sided tape.  Pressure is applied for 30 seconds to 
transfer patterns to glass, and incubated for 45 minutes.  Stamps are removed parallel to the direction 
of the lines to protect pattern integrity and used within an hour. 
4.2.2 Hydrogel Scaffold Design and Fabrication 
Hydrogel Recipe and Formulation 
Soft hydrogels are made from multi-material photo cross-linkable polymers previously 
reported46–48 .  Prepolymer solutions are mixed containing: 20% Poly (ethylene glycol) diacrylate(PEGDA) 
varying in molecular weight (Laysan Bio, Arab, AL, USA), the photoinitiator 1-[4-(2-hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one (Irgacure 2959), and PBS.  PEGDA Mw 3400 (PEG 3400) is 
weighed in powder form, and diluted into ice cold PBS to a final concentration of 20% (w/v).  Irgacure, a 
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partially water soluble molecule, is diluted to a 50% (w/v) solution in Dimethyl sulfoxide (DMSO) and 
added to the cold PEGDA solution for a final concentration of .5%.  Multilayer constructs are made by 
using PEG 3400 for areas where cells are cultured, and PEG 700 for support areas.  All materials are 
made on the same day as building and refrigerated at 40C when not being used.   
Stereolithography Apparatus Assembly 
3D scaffolds are fabricated with a modified commercially available Stereolithography Apparatus 
(SLA).  The SLA contains a He-Cd 325nm laser which passes through a beam expander, and is driven by 
adjustable X-Y scanning mirrors onto the prepolymer.  Scaffold designs are drawn in AutoCAD and 
uploaded into the SLA’s accompanying software 3D Lightyear.  Parameters are set for desired layer 
thickness, hatching, and recoating and data is uploaded to the SLA.  The SLA has the resin bin removed, 
and the stage set to the focal point where the split laser beam crosses.  A 35 mm dish containing a 
bound 18x18 glass coverslip taped down with double sided tape is placed in the center of the SLA, and 
coated with a photoactivated PEGDA prepolymer.  The volume of prepolymer added is determined by 
desired layer thickness and corresponding energy dose-polymerization depth curves48.  Following 
prepolymer addition, energy dose and pattern are selected and the SLA is initiated. 
Building Hydrogel Scaffolds 
Hydrogel disks 10 mm in diameter are built as controls for cell attachment and pattern transfer 
analysis.  PEGDA 3400 Prepolymer is prepared and poured onto glass coverslips patterned with lines 10, 
50, and 100 µm wide, and onto unpatterned FN coated glass.  Dishes containing coverslips and 
prepolymer are placed in the SLA and polymerized with an energy dose of 150 mJ cm-2.  After 
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polymerization, disks are rinsed and allowed to swell overnight before cell seeding or immunochemistry 
treatment. 
Multi-material cantilevers are constructed “bottoms up” with cantilever arms built first.  This 
limits thickness to the volume of prepolymer (900-1050 µL) which corresponds to 300-500 µm, rather 
than energy dose which is set to 150mJ cm-2.  Cantilever arms made of PEGDA, unpatterned acrylic-
fibronectin-PEGDA, or built on top of µCP glass to result in patterned acrylic-fibronectin-PEGDA are 4mm 
x 2mm (L x W).  For cost consideration PEG3400 is reserved for parts of the device where cells are 
cultured. After cantilever arms are built, liquid material is evacuated and replaced with the same volume 
of 20% PEG 700. The 1 mm tall base is built layer by layer 200 µm at a time by adding additional 20% 
PEG 700 to each layer.  Upon part completion, cantilevers are rinsed with PBS and allowed to swell 
overnight before cell culture. 
4.2.3 Cell Culture 
Proceeding cell culture, scaffolds are flipped to the upright position (pattern side up) and 
adhered to the surface of an oxygen-plasma treated circular coverslip (790 mm2) to allow top side cell 
seeding on patterns.  The hydrogel is dried on the coverslip for 15 minutes to ensure it will not detach 
from the surface before cell attachment. 
Fibroblasts 
A cell line of 3T3 fibroblasts obtained from ATCC are cultured in 12 well plates containing 
hydrogels to verify cell viability, fibronectin pattern transfer to hydrogels, and demonstrate controlled 
cell distribution and growth.  Fibroblasts are maintained in Dulbecco’s Minimal Essential Medium 
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin-streptomycin (Pen-Strep).  
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At 80% confluency, cells are released from culture flasks with .25% trypsin treatment, centrifuged at 200 
RCF for 5 minutes, resuspended in 5 mL of media, and counted.  Cells are seeded onto hydrogels which 
are adhered to glass coverslips in 12 well plates at 9,000 cells mm-2. 
Ventricular Cardiomyocytes 
All animal handling and cell collections are in accordance with an approved protocol by the 
Institutional Animal Care and Use Committee (IACUC; Protocol #11160).  
Primary cardiomyocytes are obtained from 1-3 day old postnatal Sprague-Dawley rats (Harlan 
Laboratories).  A method described by Maass and Buvoli99 is used to excise intact hearts from rats, which 
are immediately placed in ice-cold HBSS buffer.  Ventricular myocyte extraction is completed following a 
previously published protocol by, Chan et al48, in a sterile environment.  Sterilized scissors are used to 
remove both atria from lower ventricles.  Ventricles are cut into 1 mm3 pieces, and transferred to a 
100mm dish containing ice cold trypsin (.1% w/v) for tissue digestion.  The dish is placed in a 
refrigerated mixer, for slight agitation, and incubated at 40C overnight for 18 hours. 
During this process, cardiac tissue has remained cold; however, after 18 hours media (same as 
growth media for fibroblasts and C2C12’s) is warmed and added for 5 minutes at 370C to inactivate 
trypsin digestion.  Purified type II collagenase (Worthington Biochemicals .1% w/v) is warmed to 370 C 
and added to the partially digested tissue mixture for 45 minutes while rocking at 370 C.  When time has 
expired, tissue is triturated with a sterile serological pipet to release cells into solution.  A filter with 75 
µm2 pores is fixed to the top of a 50 mL tube and the suspension is filtered to remove any undigested 
connective tissue, and collect the cells.  The solution is centrifuged for 5 minutes at 1000 rpm to 
concentrate cells and remove collagenase.  Red blood cell (RBC) lysis buffer is added for 5 minutes to 
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remove RBC’s from the solution and recentrifuged.   Warm growth medium is used to resuspend the cell 
pellet, and cells are pre-plated for 1 hour to enrich cardiomyocyte concentration.   
Cells are removed from the dish after an hour, counted, and seeded onto cantilevers at densities 
ranging from 1x105-3x105 cells glass coverslip (790 cells mm-2).   Media and cells are restricted to the 
coverslip and cantilever for 3 hours, and monitored to ensure media does not become acidic before 
additional media is added.  After 24 hours, cantilevers are moved to a new dish with fresh media, and 
maintained in culture for 5 days.      
C2C12 Skeletal Muscle Cells 
 A cell line of C2C12 cells, obtained from ATCC, is cultured for use with cantilever scaffolds.  
Cultures are used for experiments before 10 passages and never reach confluence.  During growth and 
maintenance, cells are kept at 370 C in a humidified incubator in standard growth medium composed of 
DMEM supplemented with 10% FBS and 1% Pen-strep.  When cells are needed for culture the same 
protocol used for fibroblasts is used to release and count cells.  C2C12’s are cultured on top of 
fibronectin functionalized cantilevers in growth media at a density of 9,000 cells mm-2.  After cells begin 
proliferating and spreading on the surface, around ~2 DIV, growth media is removed and switched to 
differentiation media.  The differentiation media, DMEM supplemented with 2% Horse Serum and 1% 
Pen strep, causes the C2C12 myoblasts to extend and fuse with neighboring myoblasts to form 
multinucleated myotubes.  Cell cultures are kept in differentiation media for 5-7 days before fixation 
and imaging. 
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4.2.4 Immunochemistry and Imaging 
To verify Fibronectin transfer from stamps to glass slides and hydrogels, a 1:300 solution of Anti-
fibronectin produced in mouse (sigma) is prepared in PBS and added to samples overnight at 40C. 
Primary antibodies are removed, and samples are rinsed 3 times before adding Alexa 488 linked Anti-
mouse produced in goat (BD biosciences) for fluorescent labeling.  The secondary antibody is prepared 
in PBS at a dilution of 1:1000 and added for 2 hours. Secondary antibodies are removed, samples are 
triple rinsed, and imaged using an Olympus IX-81 inverted fluorescent microscope. 
At different time points ranging from 1-9 DIV hydrogels containing fibroblasts, cardiomyocytes, 
or C2C12s are fixed, labeled, and imaged.  For fixation growth media is removed, samples are rinsed 
with warmed PBS, incubated in paraformaldehyde (PFA) for 30 minutes, and rinsed again 3x with room 
temperature PBS.  A solution of DIOC6 (Invitrogen) is prepared 1:1000 and added to stain cell 
membranes.  Before addition of intracellular antibodies and stains, cell membranes are permeabilized 
with .1% triton x-100 for 10 minutes, and blocked with 2.5% Bovine Serum Albumin (BSA) in PBS to 
prevent non-specific binding.  Caution is taken when incubating in detergent to prevent loss of the 
DIOC6 as membranes permeabilize.  Cell nuclei are stained with a 1:1000 solution of the DNA specific 
antibody 2-(4-amidinophenyl)-1H -indole-6-carboxamidine (DAPI) and actin is stained with a 1:1000 
solution of Rhodamine-phalloidin (BD biosciences).  Phase contrast, bright field, and fluorescent images 
are taken on an IX-81 inverted microscope with a Spot RT-3 Slider monochrome camera (Diagnostic 
Instruments). 
In addition to the proceeding immunochemistry, C2C12’s are incubated in a primary antibody 
specific to the myosin heavy chain, MF-20, at a 1:100 dilution.  MF-20 allows differentiated myotubes to 
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be viewed and separated from myoblasts that have not yet formed myotubes.  A secondary anti-mouse 
tagged with Alexa 488 is added 1:1000 for two hours after overnight incubation.     
4.2.5 Analysis 
Fibronectin Transfer to Hydrogels 
Image J66 is used for analysis of fibronectin patterns and cells. Acrylic fibronectin transfer to 
hydrogels is confirmed quantitatively by comparing hydrogels built on unpatterned acrylic fibronectin to 
gels built on unpatterned non-acrylated fibronectin.  Pixel intensity is extracted from images by building 
a histogram of pixel values from 0 to 255 and plotting the number of pixels at each value.  To calculate 
pixel values, a line profile is drawn across the image and grey values (intensity) are extracted at each 
point on the line.  Fluorescence is due to the presence of immunochemically labeled fibronectin, and can 
be used to verify the presence of fibronectin.   
  To determine the integrity and resolution of patterns, line width measurements of µCP glass 
and patterned hydrogels are taken.  The line profile tool is used to draw horizontal lines perpendicular 
to patterned lines on 40x images.  Figure 12A-B shows lines patterned to glass and hydrogels, and their 
corresponding line widths (12C). 
Cell Alignment 
FFT image processing analysis previously discussed in chapter 3 is used for analysis of patterned 
and unpatterned cells on hydrogels.  Briefly, Image J is used to enhance image contrast, subtract the 
background, and filter noise from the image.  Images are converted to the frequency domain by FFT 
transformation, and rotated 900 to account for the inherit rotation that occurs during transformation.  A 
circle is drawn over the FFT image, and the oval profile plugin is used to radially summate pixel 
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intensities around the circle.  A power spectrum is generated based on radially summated values, with 
00 correlating to frequencies at 3 o’clock, 900 12 o’clock, 1800 9 o’clock, and 2700 6 o’clock.   
Cell Morphometrics 
Pattern effect at the cellular level is analyzed by observing changes in cell shape, direction of cell 
elongation, and orientation of nuclei.  Post image processing, a threshold is applied to make a binary 
image and individual cells are identified.  Image J object tools are used to measure and compare: cell 
circularity and nuclei orientation.  10 circularity bins of .1 intervals are set up, and circularity values 
between 0 and 1 are placed in each bin accordingly.  Significance is proven with a T-test in Microsoft 
Excel.  Nucleus orientation is measured by using the analyze particles tool to fit an ellipse to thresholded 
images of DAPI stained nuclei and measuring the angle of the ellipse.  Direction and length of cell 
elongation is determined by measuring the angle and distance from the nucleus to the furthest edge of 
the actin stained cell.     
4.3 Results 
4.3.1 Pattern Retention 
The transfer of acrylic-fibronectin from PDMS stamps to hydrogels was confirmed by 
quantitative analysis of fluorescent images.  Comparison of gels built on acrylic (Figure 11B) and non-
acrylic FN (Figure 11A) showed that Acrl-PEG-NHS successfully bonds fibronectin to PEG 3400 scaffolds.  
Average pixel intensity of gels with acrylic fibronectin is 129±10.9.  Gels built on non-acrylic fibronectin 
had an average pixel intensity of 2.55±.53 (Figure 10C).  
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Figure 11. Measuring the transfer of Acrylic-Fibronectin to hydrogels.  Hydrogels were built on glass slides with 
unpatterned acrylic fibronectin, or fibronectin and fluorescently labeled by treatment with anti-FN and Alexa 488.  A) 40x 
fluorescent image of a hydrogel built on a glass slide with non-acrylated fibronectin.  B) 40x fluorescent image of a 
hydrogel built on a slide with unpatterned Acrylic-Fibronectin.  C) Using image J, fluorescent intensities of images were 
extracted and compared.  Hydrogels with acrylic fibronectin had an average intensity of 129.9, and hydrogels built on non-
acrylic fibronectin had an average intensity of 2.6.  The presence of fluorescence confirms that chemically modifying 
fibronectin with ACRL-PEG-NHS cross links fibronectin to hydrogels. 
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Comparison of patterned line width on glass to line width on hydrogels was measured to verify 
pattern integrity.  The following average line widths were obtained when 10, 50, and 100 µm patterned 
PDMS stamps incubated in Acrl-FN were used for µCPing, respectively: glass- 11.46 µm ±.35, 49.05 µm ± 
1.81, 98.69 µm ± .59 and hydrogels- 13.37 µm ± .53, 57.32 µm ± .64, 110.54 µm ± 5.76. Figure 11 shows 
fluorescent images of patterned lines, and the result that line widths are greater on hydrogels than on 
glass slides.  
 
4.3.2 Cell Attachment and Functionality on Hydrogels 
 Several cell types including fibroblasts, C2C12 skeletal muscle cells, and primary cardio 
ventricular myocytes were cultured onto fibronectin patterned hydrogels to demonstrate applicability 
Figure 12. Pattern transfer and integrity from glass to hydrogels.  A) Glass coverslips µCP with fluorescently labeled acrylic 
fibronectin lines 10, 50, and 100 µm wide.  B) Images of fibronectin lines transferred to hydrogels built on glass coverslips 
patterned with acrylic fibronectin.  C) Control hydrogels built on slides patterned with non-acrylated fibronectin. D) Comparing 
line widths (µm) on hydrogels and glass slides.  Lines on hydrogels were wider than those on glass slides.  Scale bars in images 
are 50 µm. 
100 µm 
50 µm 
10 µm 
A B C D 
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and functionality of patterned gels.  Fibroblasts and C2C12’s were faster adhering than cardiomyocytes 
and easier to seed because they could be seeded at lower densities due to their ability to proliferate.  All 
cell types spread and showed functionality as they grew linearly along patterns.  Cardiomyocytes 
autonomously contracted and relaxed, and C2C12 myoblasts differentiated into multinucleated 
myotubes when switched from growth media to differentiation media.  Figure 16 shows C2C12 muscle 
cells and cardiomyocytes cultured on fibronectin patterned cantilevers.  Video analysis of cardiac cells 
shows the autonomous, synchronous, beating of aligned myocytes after 3 DIV at .67 Hz.     
4.3.3 Cell Alignment 
FFT 
Conversion of images to the frequency domain revealed directed fibroblast growth and linear 
pattern formation.  Distinct peaks are seen in the power spectrums of fibroblasts grown on patterned 
lines of all widths at 00 and 1800 (Figure 13B).  Unpatterned fibroblasts lacked these peaks and had more 
uniformly scattered spectrums. As pattern size increased from 10 to 100 µm, peaks are not as smooth 
which can be attributed to the alignment of multiple cells and rotated orientations of cells on wider 
lines.  Figure 13A shows that cells recognize patterns of the different width lines, and cells grow parallel 
to their direction. 
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Figure 13. Fibroblast alignment and growth on patterned and unpatterned hydrogels built with stereolithography. A) 
Fibroblasts with nuclear (DAPI) and actin stains (Rhodamine-Phalloidin) cultured on hydrogels with unpatterned acrylic 
fibronectin, and patterned acrylic fibronectin with lines 10, 50, and 100 µm wide.  B) Power spectrum generated by 
radially summating frequencies from FFT converted images.  Peaks at 900 and 1800 correspond to vertical alignment in 
images and can be seen for fibroblasts patterned on lines.  The distinct peaks are missing from images of unpatterned 
fibroblasts.  C) Analysis of fibroblasts at the cellular level shows a significant decrease in circularity for cells grown on 10 
µm and 50 µm lines.  A small shift can be seen in 100 µm lines, but it is not significant.  A decrease in circularity can be 
attributed to a constriction of cellular growth area. Scale bars are 50 µm.   
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4.3.4 Morphometrics 
 Growth of fibroblasts on patterned lines alters their shape to be more linear.  Figure 13C shows 
the decreasing shift of cell circularity measurements between patterned and unpatterned cells.  Average 
circularity was significantly different (Students t-test, P= 1.97E-25 and 4.83E-25 for 10 and 50 µm lines 
respectively) between unpatterned fibroblasts (0.41 ± .22) and fibroblasts restricted to growth on 10 µm 
(0.15 ± 0.10) and 50 µm (0.15 ± 0.11) lines.  Cell shape was altered on 100 µm lines but was not 
statistically significant.  Figure 14 further analyzes the effect of patterns on cell shape and growth.   
Fibroblast elongation, which was measured from the furthest edge of stained actin on each side 
of the cell to the nucleus, was parallel to line direction. Average angles were 90.860, 88.850, and 89.920 
for 10, 50, and 100 µm lines respectively.  Unpatterned fibroblasts had an average angle of 95.350 which 
was significantly different than patterned fibroblasts (Students t-test, P-values= 4.6E-2, 4.9E-3, and 8.6E-4 
respectively).  Length of elongation caused by patterning showed a significantly greater difference.  The 
average length of extended actin in the cell was 44.33 µm for unpatterned fibroblasts.  Patterned cells 
had average lengths of 78.81 µm (10 µm), 54.89 µm (50 µm), and 40.61 µm (100 µm) (Students t-test, p-
values= 9.16E-18, 6.78E-08, and 2.05E-4 respectively).  Nucleus alignment proved to be insignificant 
(Students t-test, p= .42, .90, .52 for 10, 50, and 100 µm) on patterned and unpatterned lines, although 
there was a trend seen that nuclei aligned parallel to patterns (Average orientation= 79.970, 89.980, 
93.430, and 93.130 for unpatterned, 10, 50, and 100 µm).  The scatter plots in figure 14A and B show the 
clustering of cell elongation around 900 for cells grown on patterns and the distribution of nuclear 
alignments, respectively. 
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4.4 Discussion  
4.4.1 Why µCP and Designs 
Microcontact printing was chosen as the method to create fibronectin patterns for transfer to 
hydrogels based on the setup of the SLA, the variety of patterns that can be made and the ease and 
repeatability of making stamps and patterned slides.  The chemistry and combination of this patterning 
method with SLA produces a new method to pattern cells on proteins patterned to the surface of 
hydrogels.   
Line width and spacing were chosen to create patterns with single and multi-cell control, and to 
have an order of magnitude difference between the thinnest and widest line.  Previous findings showed 
Figure 14. Measuring cell elongation direction and nuclear alignment of fibroblasts cultured on patterns transferred to 
hydrogels by SLA. A) Cell elongation and direction were measured by drawing a line from the nucleus to the furthest 
extended edge of actin in the cell.  Scatter distribution shows the clustering of cell elongation near 900 for fibroblasts 
grown on 10 µm and 50 µm lines and an elongation of the cell.  Unpatterned cells are significantly different in both 
elongation and have a uniform distribution of edge direction. B) Alignment of the nucleus was measure by fitting an ellipse 
to images of nuclei labeled with DAPI.  There was not a significant difference in the elongation or alignment of nuclei, but 
a clustering trend near 900 for patterned cells can be seen. 
A B 
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that individual cells can recognize lines measuring 5-100 µm wide.100  If patterns are too thin, cell bodies 
may be larger than the lines preventing appropriate cell attachment and growth; if lines are too wide, 
single cell resolution is not possible and multiple cells attach next to each other.101 Trends in our data 
show single cells are patterned on lines 10-50 µm wide and multiple cells are patterned on lines 100um 
wide.  In addition, a reduction in circularity can be seen, length of cell elongation, and angle of cell 
elongation differs between cells grown on patterned lines opposed to unpatterned cells.  
Line spacing was chosen to be consistent with line widths to give cells equal sized growth 
promoting and inhibiting areas.  If line spacing was too small, cells were able to connect to multiple lines 
and restricted growth to individual patterns was difficult.  To achieve the best alignment, lines should be 
appropriately spaced so cells cannot contact neighboring cells or lines.  Isolation of cells from 
neighboring cells must be taken into consideration based on application.  With cardiac cells, a smaller 
spacing may be beneficial so that cells are aligned but able to connect and communicate.  When cells 
are aligned and form cellular junctions with neighboring cells, they can beat in synchrony and beating 
forces can be harnessed in a single direction; this is how cells are arranged in the native myocardium.   
4.4.2 Scaffold components 
PEG 3400 Hydrogels 
 Synthetic polymers hold potential for cell culture because their properties can be tuned to a 
more favorable environment for cell attachment and spreading, and they come in a variety of molecular 
weights.  PEGDA hydrogels are formed by cross-linking double bonds found on both ends of individual 
monomer units after the addition of a photoinitiator and exposure to light. However, once polymerized 
degradation of PEGDA hydrogels is much slower than that of natural polymers like collagen and 
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hyaluronic acid.  As cells grow and spread, they degrade the networks around them and secrete 
Extracellular Matrix Molecules.  PEGDA is not responsive in the short term to the enzymes used for 
degradation and limit cell spreading.  When functionalized, certain Mw PEG’s have been shown to be 
viable for cell attachment and spreading and this limitation can be overcome.  This has not yet been 
solved for cell encapsulation in synthetic polymers where cells are in a complete 3D environment.   
PEG 3400 was specifically chosen based on its stiffness, pore size, and resolution ability.  When 
cross-linked, pores are large enough to allow fluid movement through the gel and cells can attach and 
spread when functionalized; conversely, cross-linking is high enough that high resolution (200 µm) 
structures can be made with less swelling than the higher Mw polymers.  Figure 12C, comparing line 
width on hydrogels and glass slides, shows that lines are wider on hydrogels.  Change in line width is 
most likely due to hydrogel swelling.  At the energy dosage used for polymerization, 150 mJ cm-2, gel 
stiffness was characterized to be around 3 kPa: a value near that of tissue in the native myocardium.  It 
is hypothesized that cells perform better on their native stiffness.88,102  The lower molecular weight 
PEG’s have more cross-linking and do not swell as much as 3400 allowing for higher resolution and 
greater stiffness.  These properties may be beneficial for cells like fibroblasts which spread more on stiff 
substrates3,7, but experiments showed that cells have a harder time attaching and spreading on lower 
molecular weight gels.  For this reason, PEG 3400 was used for areas where cells were cultured and PEG 
700 was used in scaffold support areas when making 3D structures. 
Ink Components 
 After analysis of multiple Extra Cellular Matrix Proteins including collagen, laminin, and 
fibronectin; fibronectin was chosen to be the functional unit in the ink solution.  ECM’s amino acid 
sequences were collected from the NCBI Protein Sequence database and compared. Comparison 
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revealed that fibronectin had the greatest number of lysine residues, which contain an amine group, and 
should be able to have strong attachment to hydrogels (Figure 15).  Acryl-PEG-NHS, the molecule used 
to covalently cross-link fibronectin to the hydrogels, attaches to amine groups and its functional acrylate 
group can attach to the acrylate groups in PEG.  Synthetic Poly-L-Lysine, which is all amines and was 
used for inkjet printing, was not used because PEG-Poly-L-Lysine has been shown to be an effective 
blocker for resisting cell and protein attachment103, and to reduce the number of synthetic components 
in the device.  Another option for attaching ECMs to hydrogels is using multiple step thiol chemistry to 
attach peptides to the Sulfur group in cystines rather than the amine in lysines.92   
Previous experiments used collagen infused prepolymers to build collagen incorporated 
scaffolds.48  Although this method showed good cell attachment and spreading, when µCP was 
attempted with collagen there was poor resolution and minimal transfer to hydrogels.  Incorporation of 
ECM’s into scaffolds is an important step for creating 3D cell encapsulation environments, but for our 
purposes patterning of cells on the surface of hydrogels is sufficient for mimicking their pseudo 3D in 
vivo environment and attempting to harness their outputs.   
  
 56 
 
  
Collagen Laminin Polylysine Fibronectin
Hydrogel Attachment Sites
ECM Protein
L
y
s
in
e
s
0
1
0
0
2
0
0
3
0
0
4
0
0
Collagen Laminin Polylysine Fibronectin
Hydrogel Attachment Sites Normalized for Size
ECM Protein
L
y
s
in
e
s
0
.0
0
0
0
.0
0
1
0
.0
0
2
0
.0
0
3
0
.0
0
4
0
.0
0
5
0
.0
0
6
A B 
C 
Figure 15. Comparing Extracellular Matrix Proteins 
and synthetic Poly-L-Lysine for attachment potential 
to hydrogel scaffolds.  Protein amino acid sequences 
were collected from the NCBI Protein Sequence 
Database. A) Simplified structures of the Fibronectin 
protein dimer (red), the Collagen triple helix (green 
and blue), and Poly-L-Lysine (light green).  Light 
green extrusions from Fibronectin and Collagen 
represent exposed lysine residues where the ACRL-
PEG-NHS cross-linker can attach.  Double bonds on 
the ends of the cross-linkers, and all along Poly-L-
Lysine will crosslink to hydrogels when polymerized 
with stereolithography. B) Comparing the number of 
lysine residues per ECM protein. Out of the natural 
ECMs Fibronectin has the most Lysines. C) Number 
of lysines per molecule normalized to the size of the 
particle.  Excluding poly lysine which is all lysines, 
fibronectin has the most lysines with regard to its 
size. 
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4.4.3 Incorporation of Multiple Cell Types with Hydrogels and Future Directions 
Cell seeding proved to be the most cumbersome part of this process.  Uniform seeding was very 
difficult as cells rolled off of scaffolds, and scaffolds detached from the surface. The SLA made device 
fabrication easy and devices were similar from experiment to experiment; but, when it came time to 
seed cells scaffolds had to be handled, orientated properly, and needed to go through a series of steps 
to ensure hydrogels would not float away before cells attached.  In addition to problems faced trying to 
achieve cell attachment, some cells could attach where fibronectin was not deposited but they did not 
spread or grow: this was especially true with fibroblasts.   
When cultured properly, ventricular cardiomyocytes exhibit their in vivo function and 
autonomously beat (contract and relax) in vitro which has made them an attractive cell type to 
engineers looking for biocompatible energy sources.  Cardiomyocytes were sporadic from dissection to 
dissection and device to device as to which cells would be functional and beat, but they were 
successfully cultured and patterned on hydrogels repeatedly.  Additionally, skeletal muscle cells which 
produce a force when stimulated are able to grow directionally and differentiate into myotubes on 
patterned hydrogels. Figure 16 shows the use of hydrogel cantilevers to align C2C12 myocytes, 
myotubes, and cardiac cells. The bright field image of cardiac cells in Figure 16B was taken from a video 
stack that showed cells beating at .67 Hz.      
The alignment of cardiomyocytes and C2C12 muscle cells on 3D substrates is of relevance to 
answer many engineering and biological questions. Cantilever scaffolds were chosen as a scaffold design 
for future experiments so that the forces produced by cardiomyocytes and C2C12s when they are 
aligned versus when they are unaligned on 3D soft substrates can be analyzed104,105.  Analysis of these 
forces will be useful in understanding both in vivo and in vitro organization.  As an engineer, the ability 
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to design a device that harnesses cell forces is applicable to problems like wound healing, and the 
creation of future technologies like biological machines.  Overall, there are numerous future 
experiments and applications that can be explored with the ability to design 3D substrates that can 
support, pattern, and harness the outputs of multiple cell types. 
Figure16. Application of hydrogels and patterning techniques to multiple cell types.  A) C2C12 skeletal muscle cells 
cultured onto line patterned cantilevers.  The fluorescent image is of differentiated myotubes labeled with MF-20, a 
label for the myosin heavy chain and DAPI.  Plotted is the degree of alignment of myotubes: peaks beginning at 00 
and 1800 correlated to horizontal alignment in the image.  B) Mixture of cardiac cells containing ventricular 
cardiomyocytes and fibroblasts on line patterns.  The bright field image is taken from a video of the cells beating at 3 
DIV; Fluorescent labels are Rhodamine-Phalloidin and DAPI.  Plotted data shows vertical alignment of cardiac cells 
with peaks at 900 and 1800.  Scale bars are 50 µm. 
B 
A 
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CHAPTER 5: CONCLUSION 
 Whether it’s 2D, pseudo 3D, or 3D the development of different substrates for culturing cells is 
essential for moving forward in our understanding of how cells, tissues, and organs develop in vivo, and 
how cell functions can be harnessed for uses in biomedical engineering.  Here two different angles were 
taken to engineer substrates that can direct the growth of neurons, cardiac muscle cells, skeletal muscle 
cells, and fibroblasts; but, future experiments will incorporate a combination of the different 
technologies and cell types.  Using a combination of patterning and fabrication techniques may offer the 
ability to control the placement of multiple cell types in co-culture experiments where it is necessary to 
control cellular interactions. 
 This work was done as a continuation of research towards creating integrated multi-cellular 
systems that have the ability to sense a stimulus, respond, move towards or away from it, and release a 
counter measure or supplement.  Instead of a traditional robot that is made of metal, is battery 
powered, and is connected by wires to a central processing unit; our biological machine (biobot) would 
have a polymer scaffold, be powered by muscle cells, move by their contraction and relaxation, have 
epithelial cells for nutrient transport, and be connected through cellular interactions to a source of 
neurons that would act as the CPU. 
There have been several examples of biological actuators powered by muscle cells94,95,106–108; 
however, our access to stereolithography makes the design of multi-material scaffolds simple and we 
plan to design a series of biobots that not only actuate, but can support multiple cell types and function 
in vivo and in vitro.  Having substrates with different characteristics, and having multiple techniques to 
pattern cells will help us understand how to direct cellular interactions and is another step towards 
achieving the biobot goal. 
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Although the goal of our research is to create a biobot, the technologies and methods 
developed have applications to many other areas.  Results show that neurons can be patterned and 
analyzed high-throughput (44,000 cells) which is important for building diagnostic arrays109,110 and 
understanding neurodegenerative diseases54,111.  Widely applicable biocompatible substrates that allow 
cardiac cells to organize and beat naturally may help answer traditional tissue engineering questions for 
replacing dead tissue from an infarcted heart, or inducing angiogensis97.  In addition to cardiac cells, the 
ability to form skeletal muscle tissue on hydrogels may hold an answer for wound healing.   
Overall, this thesis will hopefully help towards the understanding and control of cell 
development, and help in future attempts towards creating and controlling biological systems. 
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